In this paper, an aqueous solution of xanthan gum (XG) at a weight fraction as high as 0.2% was elected as the non-Newtonian base liquid, the multi-walled carbon nanotubes (MWCNTs) dispersed into non-Newtonian XG aqueous at different weight factions of MWCNTs was prepared. Convection heat transfer of non-Newtonian nanofluids in the shell side of helical baffled heat exchanger combined with elliptic tubes has been investigated experimentally and numerically using single-phase flow model. Results showed that the enhancement of the convective heat transfer coefficient increases with an increase in the Reynolds number and the nanoparticle concentration. For nanofluids with 0.2 wt %, 0.5 wt % and 1.0 wt % MWCNTs, the Nusselt number, respectively, increases by 11%, 21% and 35% on average at the same Reynolds number, while the comprehensive thermal performance factors are 3%-5%, 15%-17% and 24%-26% higher than that of base fluid at the same volume rate. A remarkable heat transfer enhancement can be obtained by adding MWCNTs into XG aqueous solution based on thermal resistance analysis. Correlations have been suggested for the shell-side Nusselt number and friction factor of non-Newtonian nanofluids in the helical baffled heat exchanger with elliptic tubes. Good agreements existed between corrections and experimental data.
Introduction
Owing to the advanced enhancements on thermophysical property, transport property and heat transfer potentials in many industrial applications [1] [2] [3] [4] [5] , nanofluids, first proposed by a research group in Argonne National Laboratory in the USA in 1995 [6] , have attracted significant interest. A nanofluid is a uniform and stable suspension, composed of nanoparticles and base fluid. As the addition in nanofluid, the nanoparticles can be metal and/or nonmetal whose typical size is no larger than 100 nm. Many experimental and numerical investigations have been implemented on heat transfer enhancement of nanofluids in open literature. However, most of these works have used Newtonian fluids as the base fluid, while little attention has been paid on the nanofluids based on non-Newtonian fluids [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Non-Newtonian fluids, that is, against Newton's law of viscosity, have been widely used in many industries such as food, petrochemical, pharmaceutical industries, etc. However, the viscosity of 2 of 17 non-Newtonian fluids is usually greater, involving low Reynolds number and high Prandtl number. Consequently, in the process of flow and heat transfer, the pressure drop is high while the heat transfer coefficient is considerably low [21] . To overcome the aforementioned disadvantages existing in non-Newtonian fluids, nanoparticles are added and form non-Newtonian nanofluids, whose thermophysical properties are improved. Tian et al. [22] dispersed MWCNTs into an aqueous solution of carboxymethyl cellulose at a weight fraction of 3 wt % and obtained non-Newtonian nanofluids with 0.1 wt %, 0.5 wt %, 1 wt %, and 2 wt % MWCNTs. Results indicated that the thermal conductivity of all the nanofluids is higher than that of the base liquid and the thermal conductivity enhancement is as high as 14.6% for the nanofluid containing 2 wt % MWCNTs. Hojjat et al. [23] dispersed γ-Al 2 O 3 , TiO 2 and CuO nanoparticles into an aqueous solution of carboxymethyl cellulose to form three types of non-Newtonian nanofluids and compared their heat transfer performances flowing through a uniformly heated circular tube. Results showed that both Nusselt number and convective heat transfer coefficient were enhanced by nanoparticles and increase with an increase in the nanoparticle concentration.
Up to now, researches and investigations mainly focus on the improvement of thermophysical properties or the flow and heat transfer characteristics in heat transfer equipment with extremely simple structure such as a single heated tube. As a necessary section in many industries, shell-and-tube heat exchangers are commonly used to heat or cool the process fluid. The flow and heat transfer performance of non-Newtonian fluids flowing in shell-and-tube heat exchangers is worth studying, but only a few investigations have been reported in open literature.
In addition to disperse nanoparticles, improving the structure of shell-and-tube heat exchangers is another effective means of enhancing heat transfer rate and reducing flow resistance. The baffles are an important section in shell-and-tube heat exchangers because they not only support the tube bundles but also direct the working fluid flow. Compared with segmental baffles, helical baffles showed better performance. Experimental result obtained by Kral et al. [24] indicated that the ratio of heat transfer coefficient to pressure drop in the shell side of heat exchanger with helical baffles is higher than that of heat exchanger with segmental baffles. Other than optimization of the baffles, utilizing enhanced tube is another way to improve heat transfer coefficient. Zhang et al. [25] [26] [27] have experimentally and numerically compared the shell side heat transfer performance of helical baffle heat exchanger with fin tubes and smooth tubes using oil and water as the working fluids. The results showed that the shell side heat transfer coefficient was obviously enhanced by finned tubes at the helical flow condition. Recently, He et al. [28] carry out a numerical investigation on performance comparison of non-Newtonian fluid flow in vertical heat exchangers combined helical baffle with elliptic and circular tubes. Results showed that the shell-side Nusselt number of the elliptic tubes heat exchanger are 11.4%-16.6% higher than those of the circular tubes heat exchanger, while the shell-side friction factor is 29.2%-36.9% lower. However, compared with heat transfer coefficient of water flowing in the elliptic tube side at fully turbulent flow condition, heat transfer coefficient of non-Newtonian fluid flowing in the shell side is lower.
To further improve the shell-side heat transfer coefficient of the helical baffled heat exchanger with elliptic tubes, non-Newtonian nanofluids were prepared. An aqueous solution of xanthan gum (XG) with 0.2 wt % concentration and multi-walled carbon nanotubes (MWCNTs) were selected as non-Newtonian base fluid and additives, respectively. The weight fractions of nanoparticle were set at 0.2 wt %, 0.5 wt % and 1.0 wt %. In the current study, the flow and heat transfer characteristics of non-Newtonian nanofluids flowing in the shell side of the helical baffle heat exchanger with elliptical tubes was experimentally and numerically investigated. The simulation of shell-side performance was conducted using commercial software FLUENT. Necessary thermo-physical properties and rheological characteristics of XG aqueous solution and its nanofluids were measured for calculation and simulation. The overall and shell-side heat transfer coefficient, ratio of shell-side thermal resistance to overall thermal resistance, Nusselt number, friction factor, Euler number and comprehensive thermal performance of base fluid were compared with non-Newtonian nanofluids.
Experimental Method

Sample Preparation and Measurements
Aqueous solutions of XG with 0.2% weight fraction of XG was prepared by dissolving XG into deionized water using ultrasonic vibration for about 1 h to obtain a uniform dispersion. Aqueous solutions of XG were added into the suspension of MWCNTs and, after thoroughly mixing, a MWCNTs-dispersed non-Newtonian nanofluid was obtained. To investigate the effect of the weight fraction of MWCNTs on the flow and heat transfer characteristics of the nanofluids, non-Newtonian nanofluids with 0.2 wt %, 0.5 wt %, and 1 wt % MWCNTs were prepared.
Rheological characteristics of the base fluid and the non-Newtonian nanofluids were measured using a rotational rheometer (TA-Instrument. Inc., ARG2, New Castle, DE, USA) with an accuracy of ±5%. The thermal conductivity and specific heat were measured using thermal constant analyzer (TPS2500, Hot Disk Co., Ltd., Uppsala, Sweden) and DSC (Q20, TA Instruments Co., Ltd., New Castle, DE, USA), respectively. The reported accuracies of TPS2500 and Q20 are ±3% and ±5%, respectively. The densities of samples are obtained by a densitometer with an accuracy of ±0.0001 g·cm −3 . All the measurements were carried out in the range of temperature varying from 25 to 65 • C by using a constant temperature bath which was able to maintain temperature uniformity within ±0.1 • C. At least three measurements were taken at each temperature, and an average value was calculated.
Experimental System
As shown in Figure 1 , an experimental to study the non-Newtonian nanofluids flowing in shell side of helical baffled heat exchanger combined with elliptic tubes was carried out using the same experimental apparatus described in [28] . It consists of three parts, a non-Newtonian nanofluid loop, a coolant (water) loop and a data acquisition system. In the non-Newtonian nanofluid loop, the non-Newtonian nanofluid is heated in a preheater before being cooled by cooling water in the tested heat exchanger. While in the coolant loop, a cooling tower is adopted to cool the hot water from tested heat exchanger after heat exchange with non-Newtonian nanofluid. All the experiment details can be referred to [28] . In this work, the uncertainties in the measurements will be reported since they vary a little depending upon the fluid tested, even if the same apparatus is employed. The volume flow rate of non-Newtonian nanofluids flowing in the shell side ranged from 1.2 to 1.8 m 3 ·h −1 , with the maximum velocity of non-Newtonian nanofluids in the shell side ranging from 1.3 to 1.9 m·s −1 . Generally, the maximum velocity in shell side of the shell and tube heat exchanger was lower than 2.0 m·s −1 for high viscosity fluids due to the limitation of pressure drop. The flow rate of water coolant flowing in tube was maintained constant at 1.95 m 3 ·h −1 . The inlet temperature of non-Newtonian nanofluids was held at 65 ± 0.1 • C. The inlet temperature of water coolant was kept at 30 ± 0.1 • C. Both the temperature and pressure data are recorded by Agilent 34970A data system (Santa Clara, CA, USA). The program was initiated to scan 10 times over a period of 15 min for each data point. All measurements were arithmetically averaged. 
Data Reduction
The average heat transfer rate Qave is adapted to calculate the overall heat transfer coefficient based on outer surface area Ao by using the logarithmic mean temperature difference (LMTD).
where FT is correction factor based on one shell pass and four tube passes heat exchanger design, 0.89. The tested heat exchanger is fresh new, thus the influence of fouling resistance is neglected. The shell-side heat transfer coefficient can be obtained by thermal-resistance separation method:
where λwall is the thermal conductivity of tube wall made from stainless steel, 16
Depending on the shell-side heat transfer coefficient ho and pressure drop ΔPo, the shell-side Nusselt number Nuo, friction factor fo and Euler number Euo can be calculated from the following equations [28] : 
The average heat transfer rate Q ave is adapted to calculate the overall heat transfer coefficient based on outer surface area A o by using the logarithmic mean temperature difference (LMTD).
where F T is correction factor based on one shell pass and four tube passes heat exchanger design, 0.89. The tested heat exchanger is fresh new, thus the influence of fouling resistance is neglected. The shell-side heat transfer coefficient can be obtained by thermal-resistance separation method:
where λ wall is the thermal conductivity of tube wall made from stainless steel, 16. 
where the equivalent inside and outside diameter of the tube, d ei and d eo , and the maximum velocity in shell side u max can be obtained from [28] . [29] as follow and turned out to be less than 3.7%, 4.2%, 4.8% and 4.3%, respectively.
where R and x n are the variable affecting the results of R. W R is the contribution to the uncertainty in the results from x n .
Mathematical Modeling
Physical Model
In the present study, the experimental and numerical investigations of the XG solution and its nanofluids flowing in the shell side of the helical baffle heat exchanger with elliptic tubes were conducted. The geometrical parameters of the physical model for the numerical simulation are the same with experimental model. Considering the complexity of heat exchanger and the convergence of simulation, both the xanthan gum solution and its nanofluids are considered single-phase fluid in the whole numerical simulation. Thus, the single-phase flow model is adopted to simulate the flow and heat transfer characteristics of non-Newtonian nanofluids in shell side of tested heat exchanger.
In order to simplify the numerical simulation while still keep the accuracy of results, necessary and reasonable assumptions are made as follows: (1) the experiment was initiated to scan data point while the system reached a steady state, thus the fluid flow and heat transfer in shell side are in fully turbulent flow and steady-state; (2) the MWCNTs dispersed homogeneously in the base fluid, the nanofluid in shell side can be consider as single-phase fluid; (3) the heat exchanger is covered with thermal insulation layer so that it is well insulated; (4) the natural convection in working fluid is neglected; and (5) the baffles are adiabatic.
Governing Equations and Numerical Method
The commercial software FLUENT was used to simulate the flow and heat transfer characteristic in the shell side. The realizable k-ε model was adopted to the numerical simulation [30] . The governing equation for the mass, momentum, energy conservations, and for turbulent kinetic energy k and turbulent energy dissipation ε can be expressed as follows [28, 31, 32] 
Continuity equation:
Momentum equation:
Energy equation:
Turbulent kinetic energy equation:
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Turbulent energy dissipation equation:
ε . The model constants have been established to ensure that the model performs well for certain canonical flow as follows:
where σ k and σ ε are the Prandtl number for k and ε, respectively. The enhanced wall treatment was adopted for the compute of flow characteristic in the near-wall region. The range of the dimensionless length y + is y + ≤ 5. The governing equations were based on finite volume method [33] . The SIMPLE algorithm was adopted for velocity-pressure coupling. The second order upwind scheme was used to discretize the convective terms. The convergence criterion was that the mass residual less than 10 −4 and the energy less than 10 −7 . A parallel computation with 16 numbers of processes was performed on workstation with 32 Intel Xeon-core CPUs and 32 GB RAM. It takes approximately 36 h to acquire converged solutions.
Boundary Conditions
(1) The inlet of shell side used the mass flow inlet boundary condition as follow:
(2) The outlet shell side used the pressure outlet boundary condition as follow:
where n is the normal vector of outlet. The outlet temperature and pressure results of calculation were obtained from this plane. (3) The adiabatic wall boundary conditions were adopted for the shell walls and baffle walls:
Grid Generation and Independence
The 3D geometry shown in Figure 2 was built using commercial CAD program. Due to the complicated structure of the shell side, the tetrahedral grid was elected to mesh computational domain, as shown in Figure 3 . A careful check for grid independence was conducted to obtain accurate simulation results as shown in Figure 4 . It is found that the relative deviation of pressure drop ∆P o and heat transfer coefficient per unit pressure drop h o ·∆P o −1 between 8.6 × 10 6 and 1.1 × 10 7 grid cells are both less than 1.0%. Considering time cost, solution accuracy and memory space, the grid system of 8.6 × 10 6 cells was taken for the whole numerical simulation.
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Results and Discussion
4.1. Thermal-Physical Properties of Non-Newtonian Nanofluids Figure 5 shows the variation of the viscosity η of base fluid and nanofluids with the shear rate γ at 25 • C. As can be seen from Figure 5 , the viscosities of all working fluids decreases with the increasing of the shear rate, indicating that all the samples are typical non-Newtonian fluids with shear thinning behavior (n < 1). For a given shear rate γ, the viscosity increases slightly with the increase in weight fraction of nanoparticle.
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As can be seen from Figure 8 , the ratio of shell-side thermal resistance to overall thermal resistance decreases with the increasing in both shell-side Reynolds number and weight fraction of MWCNTs. In comparison to the base fluid, the thermal resistance ratio of the nanofluids with 0.2 wt %, 0.5 wt %, and 1.0 wt % MWCNTs decrease approximately 4%, 16%, and 20% at the same Reynolds number. Thus, the addition of MWCNTs into base fluid significantly increases the heat transfer coefficient in the shell side.
Nusselt Number and Friction Factor
Based on experimental and numerical results, Figures 9 and 10 show the variation of the shellside Nusselt number Nuo and friction factor fo with the Reynolds number Reo for the base fluid and nanofluids at different concentrations, respectively. From Figure 9 , it is found that Nuo increases with the increasing of Reo. For a given Reo, Nuo increases with an increasing in the MWCNTs concentration. Based on experimental data, the Nuo of the non-Newtonian nanofluids at weight fraction of 1.0 wt %, 0.5 wt %, and 0.2 wt % increases by 35%, 21% and 11% on average while compared with that of the base fluid at the same Reynolds number Reo, respectively. It can be observed from Figure 10 that the experimental fo of the nanofluids are larger than that of the base fluid, and gradually increases with increasing in the weight fraction of nanoparticles and rapidly decreases with an increase in Reo. Higher friction factor leads to greater pressure drop in shell side, which is the obvious drawback of nanofluid. The enhanced thermal conductivity and viscosity of nanofluid after adding MWCNTs are response for the increasing of Nuo and fo, respectively. As can be seen from Figure 8 , the ratio of shell-side thermal resistance to overall thermal resistance decreases with the increasing in both shell-side Reynolds number and weight fraction of MWCNTs. In comparison to the base fluid, the thermal resistance ratio of the nanofluids with 0.2 wt %, 0.5 wt %, and 1.0 wt % MWCNTs decrease approximately 4%, 16%, and 20% at the same Reynolds number. Thus, the addition of MWCNTs into base fluid significantly increases the heat transfer coefficient in the shell side.
Based on experimental and numerical results, Figures 9 and 10 show the variation of the shell-side Nusselt number Nu o and friction factor f o with the Reynolds number Re o for the base fluid and nanofluids at different concentrations, respectively. From Figure 9 , it is found that Nu o increases with the increasing of Re o . For a given Re o , Nu o increases with an increasing in the MWCNTs concentration. Based on experimental data, the Nu o of the non-Newtonian nanofluids at weight fraction of 1.0 wt %, 0.5 wt %, and 0.2 wt % increases by 35%, 21% and 11% on average while compared with that of the base fluid at the same Reynolds number Re o , respectively. It can be observed from Figure 10 that the experimental f o of the nanofluids are larger than that of the base fluid, and gradually increases with increasing in the weight fraction of nanoparticles and rapidly decreases with an increase in Re o . Higher friction factor leads to greater pressure drop in shell side, which is the obvious drawback of nanofluid. The enhanced thermal conductivity and viscosity of nanofluid after adding MWCNTs are response for the increasing of Nu o and f o , respectively. Both Figures 9 and 10 show that the simulation results fit very well with experimental data. The average deviations between experimental and numerical data are listed in Table 2 . As can be seen in Table 2 , the average deviations between numerical and experimental results are less than 6%, indicating that the single-phase flow model is able to simulate the heat transfer and flow characteristic of non-Newtonian base fluid and its nanofluids in shell side. However, with the increasing in weight fraction of nanoparticles, the values of Nuo and fo from simulation are less than those from experiment, indicating that the Brownian motion of nanoparticles and the interaction between nanoparticles and base fluid are other reasons for the enhancement of Nuo and fo [23] , which are neglected in singlephase flow model. It can be predicted that the sing-phase flow model can effectively simulate the flow and heat transfer of nanofluids at low concentration because, in this case, the improvements of thermal properties are the main driver for the heat transfer enhancement, while, with the increasing Both Figures 9 and 10 show that the simulation results fit very well with experimental data. The average deviations between experimental and numerical data are listed in Table 2 . As can be seen in Table 2 , the average deviations between numerical and experimental results are less than 6%, indicating that the single-phase flow model is able to simulate the heat transfer and flow characteristic of non-Newtonian base fluid and its nanofluids in shell side. However, with the increasing in weight fraction of nanoparticles, the values of Nuo and fo from simulation are less than those from experiment, indicating that the Brownian motion of nanoparticles and the interaction between nanoparticles and base fluid are other reasons for the enhancement of Nuo and fo [23] , which are neglected in singlephase flow model. It can be predicted that the sing-phase flow model can effectively simulate the flow and heat transfer of nanofluids at low concentration because, in this case, the improvements of thermal properties are the main driver for the heat transfer enhancement, while, with the increasing Both Figures 9 and 10 show that the simulation results fit very well with experimental data. The average deviations between experimental and numerical data are listed in Table 2 . As can be seen in Table 2 , the average deviations between numerical and experimental results are less than 6%, indicating that the single-phase flow model is able to simulate the heat transfer and flow characteristic of non-Newtonian base fluid and its nanofluids in shell side. However, with the increasing in weight fraction of nanoparticles, the values of Nu o and f o from simulation are less than those from experiment, indicating that the Brownian motion of nanoparticles and the interaction between nanoparticles and base fluid are other reasons for the enhancement of Nu o and f o [23] , which are neglected in single-phase flow model. It can be predicted that the sing-phase flow model can effectively simulate the flow and heat transfer of nanofluids at low concentration because, in this case, the improvements of thermal properties are the main driver for the heat transfer enhancement, while, with the increasing of nanoparticles concentration, the Brownian motion of nanoparticles and the interaction between nanoparticles and base fluid play increasingly important role in the processes of flow and heat transfer.
The nanofluid tends to be two-phase flow, which should be simulated by multi-phase flow model for higher precision. Based on the results of numerical simulations, the local (Z = −500 mm) temperature distributions of base fluid and nanofluids in helical baffled heat exchanger with elliptic tubes at V f = 1.72 m 3 ·h −1 are shown in Figure 11a -d. As shown in Figure 11 , the temperature along the flow drops more slowly compared with nanofluids. As the concentrations of nanoparticles increase, lower temperature can be observed at the same position of heat exchanger due to the enhanced thermal conductivities after the addition of MWCNTs.
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Non-Dimensional Number
Euler Number
Correlations
Based on experimental results, the following correlations are fitted for the shell-side Nusselt number, friction factor and Euler number of non-Newtonian nanofluids flowing in the shell side of elliptic tube heat exchanger with helical baffles. 
The predicted values and maximum deviations of aforementioned correlations are listed in Table 3 . Good agreements exists between the correlations and experimental data.
Equations ( 
Based on experimental results, the following correlations are fitted for the shell-side Nusselt number, friction factor and Euler number of non-Newtonian nanofluids flowing in the shell side of elliptic tube heat exchanger with helical baffles.
Equations (15) 
Comprehensive Performance
Considering both heat transfer performance and flow resistance characteristic, the comprehensive thermal performance factor (TPF) is adopted to evaluate the heat exchanger. TPF is calculated using the following equation [34] :
where subscripts nf and bf represent nanofluids and base fluid, respectively.
If the value of TPF is higher than 1.0, the integrative performance of the nanofluid is enhanced in comparison with the base fluid by the addition of nanoparticle, and higher value is preferred. Figure 13 shows the variation trend of the thermal performance factor versus volume flow rate. As can be seen from Figure 13 , the values of nanofluid with different mass fraction are all higher than 1.0. Compared with the base fluid, the comprehensive performances of the 0.2 wt %, 0.5 wt % and 1.0 wt % nanofluid are enhanced significantly, by 3%-5%, 15%-17% and 24%-26%, respectively.
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Conclusions
This paper presents the experimental and numerical work carried out to compare the heat transfer coefficients, Nusselt number, friction factor, Euler number and comprehensive thermal performance factor of non-Newtonian base fluid and its nanofluids in a helically baffled heat exchanger with elliptic tubes. The main conclusions are summarized as follows:
(1) Experiment results have proven that the accuracy of numerical simulation model is satisfactory.
Good agreements exist between experimental and numerical data. The single-phase flow model can simulate the flow and heat transfer characteristic of non-Newtonian nanofluids at low concentration. (2) The heat transfer is significantly enhanced by adding nanoparticle compared to base fluid.
The overall and shell-side heat transfer coefficients of nanofluids are higher than those of base Figure 13 . Comprehensive thermal performance factor versus volume flow rate.
The overall and shell-side heat transfer coefficients of nanofluids are higher than those of base fluid at the same Reynolds number. The enhancement in heat transfer coefficient increases with the increasing in the weight fraction of MWCNTs. (3) The Nu o , f o , Eu o increase with the increasing in the weight fraction of nanoparticle at the same Reynolds number. In the whole range of volume flow rate, the TPF of nanofluids are all higher than 1.0. The changes in flow and heat characteristic of nanofluids can be attributed to the enhanced thermal conductivities and viscosities. (4) Correlations for predicting the shell-side Nusselt number, friction factor and Euler number of non-Newtonian nanofluids in the helically baffled heat exchanger with elliptic tubes were obtained based on experimental results, and fitted the data very well.
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